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Real Party in Interest 
The real parties in interest in this case are the above-captioned appellant, as well 
as appellant's assignee, the General Hospital Corporation. 

Related Appeals and Interferences 
There are no currently pending appeals or interferences related to this case. 

Status of Claims 
Claims 1-7, 24-26, 36-46, 49, and 50 are currently pending 
Claims 1-7, 24-26, 36-46, 49, and 50 were rejected in a final office action mailed 
on March 28, 2002, and are appealed. 



Status of Amendments 
All prior amendments in this case have been entered. Appellant points out that a 
Supplemental Amendment is filed herewith. Appellant requests entry of this amendment 
and consideration of the appeal based on the claims in Appendix B. 



Summary of the Invention 
Appellant's invention generally features methods and compositions useful for 
protecting a plant against an environmental stress. In general, the method involves 
providing a transgenic plant cell that expresses substantially pure DNA encoding a 
calcium-dependent protein kinase (CDPK) polypeptide that includes a protein kinase 
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(PK) domain; and growing a transgenic plant from the plant cell, where the DNA is 
expressed in the transgenic plant, and where the transgenic plant has increased tolerance 
to an environmental stress compared to a corresponding untransformed plant. In 
addition, the invention includes DNA encoding a calcium-dependent protein kinase 
polypeptide consisting essentially of a protein kinase domain that increases the level of 
tolerance to an environmental stress in a transgenic plant, and cells including this DNA. 
The invention also features a plant that includes substantially pure DNA encoding a 
calcium-dependent protein kinase (CDPK) polypeptide that includes a PK domain, where 
the polypeptide increases the level of tolerance in a plant expressing the polypeptide to an 
environmental stress. Importantly, the invention provides methods and compositions for 
engineering of crop plants protected against an environmental stress. 

Issues 

Three issues are raised on appeal. 

The first issue is whether the Examiner erred in rejecting claims 1-7, 24-26, 36-39, 
and 41-46 based on the written description requirement of 35 U.S.C. § 112, first 
paragraph. 

The second issue is whether the Examiner erred in limiting the scope of 
appellant's claims to methods for producing transgenic plants that are drought tolerant as 
a result of overexpressing a transgene encoding a PK domain of AtCDPKl, thereby 
rejecting claims 1-7, 24-26, 36-46, and 49-50 as lacking enablement under 35 U.S.C. § 
112, first paragraph. 
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And the third issue is whether the Examiner erred in finding claims 36-46 
anticipated by Urao et al (Mol. Gen. Genet. 244:331-340, 1994). 



Grouping of Claims 
Each of the following groups of claims stands alone and is independently 
patentable: claims 1-7 and 49, which provide methods for protecting a plant against an 
environmental stress; claims 24-26 and 50, which feature transgenic plants comprising a 
DNA encoding a calcium-dependent protein kinase that includes a protein kinase domain; 
and claims 36-46, which provide a DNA encoding a calcium-dependent protein kinase 
polypeptide consisting essentially of a protein kinase domain that increases the level of 
tolerance to an environmental stress in a transgenic plant, and cells that includes this 
DNA. As is discussed in more detail below, the groups present different issues on the 
questions of written description, enablement, and anticipation and should be considered 
separately. 

Argument 

As is clear from the Issues section above, one or more of the pending claims stand 
rejected on the grounds of written description, enablement, and anticipation. Each of 
these rejections, as applied in the final Office Action, and appellant's response to these 
rejections is now presented. 
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I. Written Description 

Claims 1-7, 24-26, 36-39, and 41-46 stand finally rejected, under 35 U.S.C. 
§ 1 12, first paragraph, on the basis that the specification provides only a single nucleic 
acid sequence encoding a calcium-dependent protein kinase that functions to protect 
plants against stress and therefore does not provide an adequate written description of the 
invention, as currently claimed. In finally rejecting the claims, the Examiner, in essence, 
asserts that (1) the protein kinase motif is not a structural motif unique to the genus of 
sequences useful for protecting a plant against an environmental stress, and (2) a 
representative number of sequences has not been described. 

Appellant respectfully traverses this rejection on the basis that the specification, as 
of its effective filing date, satisfies the written description requirement set forth by the 
case law and the U.S. Patent & Trademark Office's Written Description Guidelines (the 
"Guidelines"). 

The Guidelines, under the "Genus Analysis" decision tree, states: 
What is a representative number of species depends on whether one of skill 
in the art would recognize that applicant was in possession of the necessary 
common attributes or features of the elements possessed by the members of 
the genus in view of the species disclosed or claimed. (Emphasis added.) 

Appellant has satisfied this standard. Appellant's specification explicitly describes 

to the skilled worker what is claimed, that is, (i) methods for producing plants that are 

tolerant to an environmental stress (e.g., drought), (ii) genes encoding polypeptides 

encoding PK domains, and (iii) methods for isolating and identifying DNAs useful for 

practicing the claimed invention. For example, the inventor, Dr. Jen Sheen, explicitly 

describes methods for producing stress tolerant plants at pages 10-11 and 36-37 of the 
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specification. The inventor also describes, for example, at pages 16-22, not only a stress- 
signaling expression pathway, but also expression constructs useful for generating plants 
having tolerance to an environmental stress. Moreover, with respect to isolating genes 
encoding polypeptides that consist essentially of a PK domain, the inventor explicitly 
describes (see, for example, Fig. 3C) several PK domains, and also explicitly describes to 
persons skilled in the art how to select PK domains active in stress signaling, for 
example, by utilizing the disclosed transient maize protoplast system, described, for 
example, at pages 13-15. 

Together, this description provides one skilled in the art with exemplary PK 
domains and genetic constructs, as well as methods of using kinase domains to 
engineer plants that are tolerant to an environmental stress. Clearly, the inventor 
was in possession of the claimed invention at the time the application was filed 
and provided a written description that readily enables the skilled worker to 
identify plants and genes falling within the claimed subject matter. 

In a further analysis of the written description requirement, the Guidelines provide 

an example (Example 17), where the specification disclosed rat cDNA sequences only, 

but claimed a mammalian or human cDNA sequence. The written description 

requirement was held not to be satisfied in this case, because: 

. . .neither the specification nor the general knowledge of those skilled in 
the art provide evidence of any partial structure which would be expected to 
be common to the members of the genus. Moreover, there is post filing 
evidence that indicates that there is a lack of structural relationship between 
the rat insulin cDNA sequences and other mammalian insulin cDNA 
sequences. (Emphasis added.) 
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Thus, the implication is that had there been at least a partial structure common to 

members of the genus, or post- filing evidence of a structural relationship between the 

members of the genus, then the written description requirement would have been 

satisfied. The Guidelines, citing applicable case law, also state: 

A description of a genus of cDNAs may be achieved by means of recitation 
of a representative number of cDNAs, defined by nucleotide sequence, 
falling within the scope of the genus or of a recitation of structural features 
common to members of the genus , which features constitute a substantial 
portion of the genus. Regents of the University of California v. Eli Lilly & 
Co., 119 F.3d 1559, 43 USPQ2d 1398 (Fed. Cir. 1998). (Emphasis added.) 

The facts of this case fall squarely with the Office's Written Description 
Guidelines. Again, the present specification discloses that the nucleic acids useful in the 
methods of the invention include genes encoding polypeptides having an PK domain, a 
structural feature common to members of the genus. In addition, post-filing evidence, 
presented by Saijo et al (Exhibits A and B) provides compelling evidence for not only 
the existence of CDPK genes that confer tolerance to multiple environmental stresses but 
also signifies that this structural feature is common to members of the genus. Thus, there 
can be no question that appellant was in possession of the methods of the invention at the 
time the application was filed, and that one skilled in the art would recognize appellant's 
disclosure as a description of the invention defined by the present claims. 

In short, appellant's specification clearly satisfies the written description 
requirement, as set forth by the case law, and appellant requests reconsideration and 
withdrawal of this basis for the § 112 rejection. 
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II Enablement 

Claims 1-7, 24-26, 36-46, and 49-50 also stand rejected under § 1 12, first 
paragraph based on the assertion that the teaching of appellant's specification is not 
commensurate in scope with the present claims. The rejection essentially turns on the 
assertions that practicing the claimed method of protecting plants against an 
environmental stress would require trial and error experimentation, and that it would also 
require trial and error experimentation to determine whether the genes required in the 
methods of the invention, when expressed in a plant, would confer increased tolerance to 
an environmental stress. This rejection should be withdrawn. 

As an initial matter, appellant notes that identifying and using genes falling within 
the scope of the claims is readily achieved without undue experimentation. On this point, 
appellant directs the Examiner's attention to the accompanying Declaration of Jen Sheen, 
the sole inventor on this application, filed in this case April 14, 2000. Dr. Sheen points 
out that, as outlined in the patent application, the PK domain of AtCDPKl was placed 
under the control of the 35 S promoter (as described in the specification, for example, at 
pages 16-19). This expression construct was then introduced into wild-type Arabidopsis 
using standard Agrobacterium-mediated transformation methods. Dr. Sheen next 
compared non-transformed wild-type plants with transgenic plants expressing the PK 
domain for drought tolerance by withholding water for 10 days. As Dr. Sheen points out, 
wild-type (non-transformed) plants wilted, but transgenic plants constitutively expressing 
the PK domain of AtCDPKl failed to wilt and remained healthy. These data provide 
compelling evidence that transgenic plants constitutively expressing a polypeptide that 
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includes a PK domain are tolerant to environmental stresses, such as drought, when 
compared to corresponding non-transformed plants. Given this evidence, there is no 
reasonable basis for doubting the objective truth of statements found in appellant's 
specification regarding enablement or predictability of the present invention. In re 
-Marzocchi, 439 F.2d 220, 224, 169 U.S.P.Q. 367, 370 (C.C.P.A. 1971). 

Furthermore, with respect to isolating additional PK-domain encoding genes 
useful in the invention, appellant notes that the specification, for example, at pages 16-20, 
and as depicted in Figs. 3B and 3C, provides clear guidance, using specific examples, that 
may be utilized for identifying and isolating a variety of DNA sequences encoding 
polypeptides having PK domains, from a variety of sources. In addition, the specification 
at pages 22-24, under the heading "Isolation of Regulators of the Stress Signal 
Transduction Response," provides general guidance on the routine methods known at the 
time the application was filed for identifying and characterizing the gene sequences 
required by the claims. Such standard methods described in the specification include: (1) 
the design and utilization of oligonucleotides for cloning, (2) hybridization cloning 
methodologies, (3) library screening procedures, and (4) PCR-based amplification 
cloning strategies. Together these methods, alone or in combination, are effective for 
isolating and cloning desired DNAs. 

Once a gene sequence is isolated, the specification also provides methods for 
generating expression constructs using the isolated DNAs and testing whether such 
constructs activate stress-signaling pathways. For example, at pages 24-3 1 and at pages 
36-37, under the heading "Expression Constructs Encoding Regulators of the Stress 



11 



Signal Response," the specification provides clear instructions about how to express such 
sequences in plants, and how to test whether the sequences express a polypeptide that 
regulates stress signaling. In one particular example, genes encoding a polypeptide 
having a PK domain may be readily tested for activating stress signaling using 
appellant's disclosed protoplast transient expression system, as described in the 
specification, for example, at pages 13-14. In this system, a construct expressing a 
polypeptide having a PK domain is coexpressed with a reporter construct (e.g., HVA1- 
GFP), and genes expressing PK domains that activate reporter gene expression are 
quickly identified as positive regulators of stress signaling. Once identified, such genes 
are then used to confer tolerance to an environmental stress in planta, exactly as 
described for the experiments discussed by Dr. Sheen, in her declaration, for the PK 
domain of the AtCDPKl polypeptide. Alternatively, if desired, isolated DNAs may be 
tested directly in plants to confirm their ability to confer tolerance to an environmental 
stress. 

In addition, appellant notes that all of the tools for expressing these DNA 
molecules were known when appellant filed the patent application. Exemplary 
expression vectors, promoters, and terminators are described in the specification, for 
example, at pages 28-29, and at pages 30-3 1 . Moreover, the specification, for example, 
at pages 31-36 describes several methods for introducing the vectors into plant cells, and 
for regenerating transformed plants. Plants expressing these genes may then be selected, 
for example, by visual examination (e.g., wilting). Indeed, the data provided in Dr. 
Sheen's declaration provides strong evidence that plants expressing a polypeptide having 
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a PK domain have an increased tolerance to environmental stress. Given these exemplary 
teachings and results, appellant's specification cannot be found as failing to enable the 
claimed invention when the techniques required to practice the invention are disclosed in 
the specification and available to those skilled in the art. See In re Wands, 858 F.2d 731, 
740, 8 USPQ2d 1400, 1406; In re Strahilevitz, 668 F.2d 1229,1232, 212 U.S.P.Q. 561, 
563 (C.C.P.A. 1982). 

As evidence on this point, appellant directs the Examiner's attention to the 
attached publication by Saijo et al (Biochimica et Biophysica Acta 1350: 109-1 14, 1997; 
provided as Exhibit A) entitled "cDNA cloning and prokaryotic expression of maize 
calcium-dependent protein kinases," on which the inventor, Dr. Sheen, is a co-author. In 
this publication, two maize CDPKs were cloned using degenerate oligonucleotide 
primers corresponding to conserved regions of the calcium-dependent protein kinase 
(CDPK) family. Given such an example, there is absolutely no reason to believe that 
appellant's specification does not enable the isolation and identification of additional 
CDPK genes from any plant without undue experimentation. Indeed, these approaches 
require only standard application of routine molecular methods. Accordingly, there is no 
basis for concluding that one skilled in the art, equipped with appellant's sequences (as 
well as those already known in the literature) and standard methods known in the art, 
would not be able to isolate a reasonable number of nucleic acid sequences which encode 
CDPK genes useful in practicing the methods of the present claims. 

In addition, on this issue, appellant notes that determining whether a gene encoding 
a calcium-dependent protein kinase (CDPK) polypeptide that includes a PK domain 
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provides protection against an environmental stress is easily accomplished, in a 
straightforward fashion, simply by overexpressing the gene in a transgenic plant, exactly 
as taught in the specification at page 24-36. 

To substantiate this point further, appellant directs the Examiner's attention to the 
publication of Saijo et al. {Plant Journal 23: 319-327, 2000; provided as Exhibit B) 
entitled "Over-expression of a single Ca -dependent protein kinase confers both cold and 
salt/drought tolerance on rice plants." Here appellant notes that Saijo cloned a rice 
CDPK gene, called OsCDPK7, using the maize cDNA designated ZmCDPK7 identified 
in Saijo et al (Biochimica et Biophysica Acta 1350: 109-1 14, 1997; provided as Exhibit 
A). This result provides still further evidence that CDPK genes are readily isolated and 
identified using standard methods that were known when the application was filed. 
Moreover, by overexpressing the rice CDPK gene in transgenic rice plants, Saijo showed 
that the CDPK gene was a positive regulator of cold and salt/drought stresses, exactly as 
taught in appellant's specification, for example, at page 13 (lines 3-6). These results 
corroborate appellant's claim that additional gene sequences may be isolated from a, 
variety of sources using standard techniques that were known in the art and that were 
useful for practicing the methods of the claimed invention. Furthermore, contrary to the 
conclusions made by the Office that appellant's teaching does not predict "resistance to a 
large number of diverse stresses," the teachings of appellant's disclosure has also been 
shown to be effective not only for drought (see Sheen Declaration of April 14, 2000), but 
also for cold and salt stresses. 
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These results confirm the specification's teaching that expression of a CDPK gene 
that encodes a protein kinase domain promotes protection against a number of 
environmental stresses (for example, drought, heat, salt, cold, etc.). Accordingly, 
following the specification's teachings, the skilled worker can simply express a CDPK 
gene in a plant and then challenge the plant with an environmental stress to evaluate the 
plant's tolerance to the stress. Plants having increased tolerance are easily distinguished 
from non-tolerant plants, and the screening of such plants having the desired tolerance to 
an environmental stress is readily accomplished. Such a single-step screening approach 
does not constitute undue experimentation as is exemplified by Saijo et al (Exhibit B). 

Appellant notes that the data of Saijo et al were obtained using methods known at 
the time appellant's application was filed, and did not involve the use of improved 
methods that were developed after the filing date of appellant's application. Thus, the 
post- filing evidence of Saijo et al. corroborates appellant's assertion that the present 
application enables the claimed methods available at the time the present application was 
filed. In particular, the CCPA has indicated that post- filing publications may be used to 
determine the state of the art existing on the date an application is filed and the relative 
ease of practicing the invention. For example, the PTO can use later appearing art "as 
evidence of the state of art existing on the filing date of an application." In re Hogan, 
559 F.2d 595, 605, 194 USPQ 527, 537 (CCPA 1977). Additionally, post-filing date 
tests using material and computer programs commercially available on the filing date 
demonstrated the "relative ease" of developing embodiments. See Bruning v. Hirose, 161 
F.3d 681, 48 USPQ2d 1934 (Fed. Cir. 1998). 
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Appellant also points out that, to sustain an enablement rejection, the Office has the 
initial burden to establish a reasonable basis to question the enabling nature of an 
appellant's specification. Thus, in a case in which the PTO questions the enablement of a 
claim, the CCPA, in In re MarzocchU 439 F.2d 220, 169 USPQ 367, 369 (CCPA 1971) 
has stated that: 

a specification disclosure which contains a teaching of the manner and 
process of making and using the invention in terms which correspond in 
scope to those used in describing and defining the subject matter sought to 
be patented must be taken as in compliance with the enabling requirement 
of the first paragraph of § 112 unless there is reason to doubt the objective 
truth of the statements contained therein which must be relied on for 
enabling support (emphasis added). 

The MPEP (§ 2164.04, Eighth Edition, August 2001) further emphasizes the Marzocchi 

standard in stating that: 

it is incumbent upon the Patent Office, whenever a rejection on this basis is 
made, to explain why it doubts the truth or accuracy of any statement in a 
supporting disclosure and to back up assertions of its own with acceptable 
evidence or reasoning which is inconsistent with the contested statement. 
Otherwise there would be no need for the appellant to go to the trouble and 
expense of supporting his presumptively accurate disclosure (emphasis 
added). 

Appellant notes that no scientific evidence currently made of record in this case 
establishes a basis for doubting the objective truth of the statements found in appellant's 
specification regarding enablement with respect to identifying genes falling within 
appellant's claims and determining whether such genes possess stress resistant properties. 
As is discussed above, appellant's statement that expression of a gene encoding a CDPK 
polypeptide that includes a PK domain confers tolerance to an environmental stress in 
plants expressing such a gene is in accordance with the evidence described in the present 
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specification for the Arabidopsis CDPK gene and the post-filing evidence of Saijo et al 
Moreover, given the evidence described above, the Examiner has provided no evidence 
or reason for doubting appellant's statement that other genes having the structural 
features described by appellant would function similarly to confer tolerance to an 
environmental stress. 

In conclusion, the facts in the present case compel withdrawal of the § 112, first 
paragraph enablement rejection, and appellant requests reconsideration on this issue. 

III. Anticipation 

Claims 36-46 were rejected under 35 U.S. C. § 102(b) as anticipated by Urao et al 
(Mol. Gen. Genet. 244: 331-340, 1994). For the following reasons, appellant respectfully 
disagrees. 

Claim 36 and claims 37- 46, which refer directly or indirectly to claim 36, are 
drawn to a DNA molecule that encodes a CDPK polypeptide consisting essentially of a 
PK domain, as well as to cells that include such DNA molecules. Urao et al discloses 
full-length cDNA molecules encoding full-length CDPK polypeptides. Nowhere does 
Urao describe a DNA molecule encoding a PK domain consisting essentially of itself. 
Since Urao does not identically describe the claimed subject matter, it cannot anticipate 
appellant's claims directed to DNA molecules encoding polypeptides consisting 
essentially of PK domains or cells that include such DNAs. On this basis alone, appellant 
respectfully requests reconsideration and withdrawal of the § 102(b) rejection. 
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In the final office action, the Examiner further asserts that "[t]he sequences taught 
by Urao et al inherently include a DNA molecule that encodes a polypeptide consisting 
essentially of a PK domain." Appellant respectfully disagrees here too. 
A prior art reference anticipates a patent claim if the reference discloses, either expressly 
or inherently, all of the limitations of the claims. {See Kalman v. Kimberley-Clark Corp., 
713 F2d 760, 771, 218 USPQ781, 789 (Fed. Cir. 1983)). The shortcoming of the Urao 
article, as acknowledged by the Examiner, is that it does not expressly disclose a DNA 
molecule encoding a polypeptide consisting essentially of a PK domain. The Office has 
therefore relied on an inherency theory in finding the claims anticipated. 

The operation of inherency and anticipation was explained by the Federal Circuit 



as follows: 



To serve as an anticipation when the reference is silent 
about the asserted inherent characteristic, such gap in the 
reference may be filled with recourse to extrinsic evidence. 
Such evidence must make clear that the missing descriptive 
matter is necessarily present in the thing described in the 
reference, and that it would be so recognized by persons of 
ordinary skill. In re Oelrich, 666 F.2d 578, 581, 212USPQ 
323, 326 (CCPA 1981j(quoting Hansgirg v. Kemmer, 102 F.d 
212, 214, 40 USPQ 665, 667 (CCPA 1939)) [states]: 

Inherency, however may not be established by 
probabilities or possibilities. The mere fact that a 
certain thing may result from a given set of 
circumstances is not sufficient. If, however, the 
disclosure is sufficient to show that the natural result 
flowing from the operation as taught would result in 
the performance of the questioned function, it seems to 
be well settled that the disclosure should be regarded 
as sufficient. 



This modest flexibility in the rule that "anticipation" requires 
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that every element of the claims appear in a single reference 
accommodates situations where the common knowledge of 
technologists is not recorded in the reference; that is, where 
technical facts are known to those in the field of the invention, 
albeit it not known to judges. 

Continental Can Co. USA. v. Monsanto Co., 948 F.2d 1264, 1268-1269, 20 USPQ 2d 
1746, 1749-1750 (Fed. Cir. 1991). 

Appellant first points out that one skilled in the art would neither interpret nor 
conclude that Urao's disclosure of full-length CDPK molecules was an unequivocal 
teaching of fragments of CDPK molecules, much less a fragment encoding polypeptides 
having a specific biological activity, such as that embodied in a PK domain. The mere 
possibility that Urao's reference to full-length CDPK DNA molecules might be 
understood by one of skill in the art to disclose a DNA molecule that encodes a CDPK 
polypeptide consisting essentially of a PK domain, as claimed, is insufficient to show that 
it is inherently disclosed in the article. Accordingly, because one skilled in the art, even 
in view of Urao's full-length cDNAs, would not necessarily recognize the function of a 
fragment of a portion of the cDNA molecule to be disclosed in the Urao article, the Urao 
article does not either expressly or inherently anticipate the claimed invention. On this 
basis too, the § 102 rejection should be withdrawn. 
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CONCLUSION 



Appellant respectfully requests that the rejection of claims 1-7, 24-26, 36- 
46, and 49-50 be reversed. A check for $160.00 for the required appeal fee is enclosed. 
If there are any additional charges, or any credits, please apply them to Deposit Account 



No. 03-2095. 



Date: 2* April *C03 



Clark & Elbing LLP 
101 Federal Street 
Boston, MA 02 110 
Telephone: 617-428-0200 
Facsimile: 617-428-7045 



Respectfully submitted, 




s D. DeCamp, Ph.D. 
. No. 43,580 




21559 

patent trademark office 
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Appendix A: Claims on Appeal 



1 . (Twice amended) A method for protecting a plant against an environmental 
stress, said method comprising the steps of: 

(a) providing a transgenic plant cell that expresses substantially pure DNA 
encoding a calcium-dependent protein kinase (CDPK) polypeptide that includes a protein 
kinase (PK) domain; and 

(b) growing a transgenic plant from said plant cell, wherein said DNA is expressed 
in said transgenic plant, and wherein said transgenic plant has increased tolerance to an 
environmental stress compared to a corresponding untransformed plant. 

2. The method of claim 1, wherein said environmental stress is dehydration. 

3. The method of claim 1, wherein said environmental stress is excess salinity. 

4. The method of claim 1, wherein said environmental stress is a temperature 

stress. 

5. The method of claim 1 5 wherein said plant is protected against multiple stress 
conditions. 

6. (Once amended) The method of claim 1, wherein the expression of said 
polypeptide activates the expression of a stress-protective protein-encoding gene. 

7. (Once amended) The method of claim 1, wherein said DNA is constitutively 
expressed in said transgenic plant. 

24. (Twice amended) A plant comprising substantially pure DNA encoding a 
calcium-dependent protein kinase (CDPK) polypeptide that includes a PK domain, 
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wherein said polypeptide increases the level of tolerance, on a plant expressing said 
polypeptide, to an environmental stress. 

25. A seed from a transgenic plant of claim 24. 

26. A cell from a transgenic plant of claim 24. 

36. (Twice amended) Substantially pure DNA encoding a calcium-dependent 
protein kinase (CDPK) polypeptide consisting essentially of a PK domain, said 
polypeptide being capable of increasing the level of tolerance to an environmental stress 
in a transgenic plant. 

37. (Once amended) The DNA of claim 36, wherein said DNA encodes a 
polypeptide that confers tolerance to dehydration. 

38. (Once amended) The DNA of claim 36, wherein said DNA encodes a 
polypeptide that confers tolerance to salinity. 

39. (Once amended) The DNA of claim 36, wherein said DNA encodes a 
polypeptide that confers tolerance to a temperature stress. 

40. The DNA of claim 36, wherein said DNA comprises a nucleic acid sequence 
substantially identical to the nucleic acid sequence shown in Fig. 5 (SEQ ID NO: 1). 

41. The DNA of claim 36, wherein said DNA is operably linked to an 
expression control region. 

42. (Once amended) The DNA of claim 41, wherein said expression control 
region comprises a promoter. 
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43. The DNA of claim 42 , wherein said promoter is a constitutive promoter. 

44. The DNA of claim 43, wherein said promoter is an inducible promoter. 

45. A cell which includes the DNA of claim 36. 

46. The cell of claim 45, wherein said cell is a plant cell. 

49. The method of claim 1, wherein said calcium-dependent protein kinase 
(CDPK) polypeptide is ATCDPK1 or ATCDPKla. 

50. The method of claim 24, wherein said calcium-dependent protein kinase 
(CDPK) polypeptide is ATCDPK1 or ATCDPKla. 
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Appendix B: Claims as Amended by Supplemental Amendment 



1 . (Twice amended) A method for protecting a plant against an environmental 
stress, said method comprising the steps of: 

(a) providing a transgenic plant cell that expresses substantially pure DNA 
encoding a calcium-dependent protein kinase (CDPK) polypeptide that includes a protein 
kinase (PK) domain; and 

(b) growing a transgenic plant from said plant cell, wherein said DNA is expressed 
in said transgenic plant, and wherein said transgenic plant has increased tolerance to an 
environmental stress compared to a corresponding untransformed plant. 

2. The method of claim 1, wherein said environmental stress is dehydration. 

3. The method of claim 1, wherein said environmental stress is excess salinity. 

4. The method of claim 1, wherein said environmental stress is a temperature 

stress. 

5. The method of claim 1, wherein said plant is protected against multiple stress 
conditions. 

6. (Once amended) The method of claim 1, wherein the expression of said 
polypeptide activates the expression of a stress-protective protein-encoding gene. 

7. (Once amended) The method of claim 1, wherein said DNA is constitutively 
expressed in said transgenic plant. 
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24. (Three times amended) A plant comprising substantially pure DNA encoding 
a calcium-dependent protein kinase (CDPK) polypeptide that includes a PK domain, 
wherein said polypeptide increases the level of tolerance, in a plant expressing said 
polypeptide, to an environmental stress. 

25. A seed from a transgenic plant of claim 24. 

26. A cell from a transgenic plant of claim 24. 

36. (Twice amended) Substantially pure DNA encoding a calcium-dependent 
protein kinase (CDPK) polypeptide consisting essentially of a PK domain, said 
polypeptide being capable of increasing the level of tolerance to an environmental stress 
in a transgenic plant. 

37. (Once amended) The DNA of claim 36, wherein said DNA encodes a 
polypeptide that confers tolerance to dehydration. 

38. (Once amended) The DNA of claim 36, wherein said DNA encodes a 
polypeptide that confers tolerance to salinity. 

39. (Once amended) The DNA of claim 36, wherein said DNA encodes a 
polypeptide that confers tolerance to a temperature stress. 

40. The DNA of claim 36, wherein said DNA comprises a nucleic acid sequence 
substantially identical to the nucleic acid sequence shown in Fig. 5 (SEQ ID NO: 1). 

41 . The DNA of claim 36, wherein said DNA is operably linked to an 
expression control region. 
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42. (Once amended) The DNA of claim 41, wherein said expression control 
region comprises a promoter. 

43. The DNA of claim 42, wherein said promoter is a constitutive promoter. 

44. The DNA of claim 43, wherein said promoter is an inducible promoter. 

45. A cell which includes the DNA of claim 36. 

46. The cell of claim 45, wherein said cell is a plant cell. 

49. The method of claim 1, wherein said calcium-dependent protein kinase 
(CDPK) polypeptide is ATCDPK1 or ATCDPKla. 

50. ( Once amended) The plant of claim 24, wherein said calcium-dependent 
protein kinase (CDPK) polypeptide is ATCDPK1 or ATCDPKla. 
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Abstract 

Using degenerate oligonucleotide primers corresponding to conserved regions of the calcium- dependent protein kinase 
(CDPK) family, we carried out a polymerase chain reaction and obtained four distinct partial-length cDNAs from a maize 
leaf library* Wc [hen used these clones as probes for conventional screening and isolated 19 longer clones from another 
cDNA library Of maize seedlings. These clones were classified into four groups based on their DNA cross-hybridization. 
Two full-length cDNAs, designated hi ZmCDPK9 and ZmCDPK7, were sequenced and characterized. The predicted protein 
of each clone was a typical CDPK with eleven canonical subdomains of protein kinases, and four EF-nand calcium-binding 
motifs in its N-tcrminal and C-tcrminal halves, respectively. The catalytic and regulatory domains were linked by a 
well-conserved junction domain. The N-tcrminus of the protein also contained a consensus sequence for an N-myristpyla- 
uon signal. Northern blot analysis showed that the transcription level of each gene was higher in roots and etiolated leaves 
than in green leaves. To connrm the calcium dependency of the maize enzymes, the entire coding region of ZmCDPK9 was 
subcloned into an expression vector so that it was in frame whh the vector-encoded peptide tags. A cell-free extract of 
Escherichia coll transformed with the recombinant plasmid exhibited calcium-dependent phosphorylation activity, using 
casein as a substrate. 

Keywords: Protein kinase, calclum-dcpendcm:.!Calroodulin-Ukc domain; EF-hond motif; Intracellular calcium signaling; (Maize) 



In higher plants, as well as in animals and mi- 
croorganisms, calcium seems to play a pivotal role as 
a second messenger by regulating many aspects of 



Abbreviations: CDPK, calcium-dependent protein kinase or 
calmodulin-like domain protein kinase; PCR, polymerase chain 
reaction. 

' Corresponding author. Fax: +81 75 753 6146. 

'The nucleotide sequence aata reported in this paper have 
been submitted to me DDBV EMB *-/ GenBanJc dawbascs undcr 
the accession numbers, D85039 (ZmCDPK9), 
D87042(ZmCDPK7), and D87O43-D87046(PCR products), 



cellular signaling [1]. One of the possible mecha- 
nisms by which calcium acts in plants is via 
calcium-dependent protein kinases (CDPKs) [2], 
CDPKs contain a calcium-binding regulatory domain 
similar to calmodulin in their C-termini. Despite the 
potential importance of CDPKs, little is known about 
their physiological functions. The only description of 
a complete CDPK cDNA isolated so far from maize 
is that of a pollen-specific enzyme [3]. Since we have 
been searching for CDPKs which are involved in the 
regulatory phosphorylation of maize phospho- 
enolpyruvate carboxylase [A], we started to systemati- 
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cally characterize CDPKs in maize. Here, wc report 
the isolation and characterization of novel cDNA 
clones encoding maize CDPKs. 

Degenerate oligonucleotide primers were designed 
for two conserved regions in the catalytic domain of 
previously cloned CDPKs [3,5-9]. They >ycrc 5'- 
GACCT(G/C)AAGCC(G/T/C)GAGAA-3' and 5'- 
GCGAATTCGGCCCA(G/A)AA(G/A/T/C)GG- 
(G/A/T/C)GG-3\ corresponding to the sense se- 
quence of DLKPEN and the anlisense sequence of 
PPFWAE, respectively. The former motif is highly 
conserved in subdomain VJb of serienc/threonine 
kinases, while the Jattcr motif is rather specific to 
subdomain X of CDPKs (see Fig. 2). After reverse 
transcription of mRNA from maize (Zea mays 
FR9 cnw X FR37) green leaves, a polymerase chain 
reaction (PCR) was performed for 40 cycles (94°C 
for 30 s, 37°C for 3 min, and 72°C for 30 s) with 20 
pM each of the primers [10]. The amplified products 
(243-263 bp in size) were digested with EcoRI, and 
then subcloned between the EcoKL and Stnal sites of 
pBluescripl (Stratagene), four putative CDPK clones 
being thus found (accession numbers. D87043- 
D87046). 

Maize iZea mays H84) seedlings were grown for 7 
days at 25°C under a 16-h lighl/8-h darkness pho 
toperiod. Poly(A)-rich RNA of above-ground por- 
tions of the seedlings was used to construct an 
oligo<dT)-primcd cDNA library. Double-stranded 
cDNA was prepared with a cDNA synthesis kit 
(Pharmacia), ligated with Ec691/Not\ adaptors at 
both ends, and then inserted into the AgtlO vector. 
Recombinant phages in the resulting maize cDNA 
library were plated with Escherichia coli NM51A 
and then blotted onto Hybond-N+ membranes 
(Amersham). Equal amounts of the above-described 
four putative cDNAs were mixed, and radiolabeled 
with a Megaprime kit (Amersham) and [ a- 32 P]dCTP. 
Hybridaation and washing were performed as de- 
scribed [11). 

Nineteen positive clones were isolated out of 8 X 
10 5 plaques. They were tentatively classified into 



four distinct groups based on their cross-hybridiza- 
tion. The first and largest group comprised nine 
clones. The longest cDNA insert (2.3 kb in size) 
among them was cut out with EcoRI, ligated with 
pBluescript, and then further analyzed. Fig. 1A shows 
the nucleotide and deduced amino acid sequences of 
the cDNA clone, ZmCDPKS. An open reading frame 
for a 531 amino acid polypeptide was found. The 
predicted molecular mass was 59.4 kDa. Exactly the 
same sequence as that of one of the four probes 
(accession no. D87043) was found in ZmCDPK9. 
However, the probe contained an extra segment of 20 
bp. The second group comprised seven clones. The 
longest cDNA insert (2.2 kb in size) among them was 
cut out with Notl, subcloned into pBluescript, and 
then sequenced. The clone, designated as ZmCDPK7. 
has an open reading frame for a 554 amino acid 
polypeptide, the calculated molecular mass of which 
is 61,1 kDa (Fig. IB). The sequence of ZraCDPK7 
differed from the corresponding probe (accession no. 
D87046) by two nucleotides, resulting in one amino 
acid substitution. These discrepancies are presumed 
to result from PCR errors or the difference of culti- 
vates Characterization of the other two groups is 
now in progress. 

Fig. 2 shows alignment of the amino acid se- 
quences of ZmCDPK9, ZmCDPK7 and other re- 
ported CDPKs from maize and rice. ZmCDPKS had a 
kinase domain with eleven characteristic subdomains* 
in its N-terminal half. In the C-terminal half, on the 
other hand, it had a calmodulin-likc domain with four 
EF-hand calcium binding motifs. A highly conserved 
junction domain was also found between the kinase 
and calmodulin-like domains. Thus, ZmCDPK9 en- 
codes a typical CDPK. Similarly, ZmCDPK7 encodes 
another CDPK. It is noteworthy that both ZmCDPK9 
and ZmCDPK7 contained N-terminal amino acid se- 
quences (MGQCCS and MGNaCG, respectively) 
that fulfill the requirements for a consensus sequence 
for N-myristoylation [12]. Therefore, the association 
of the e^yrnes with the plasma membrane was sug- 
gested. A database search revealed a mai7x CDPK 



Hp, ]. Nucleotide and deduced amino acid sequenced of ZmCDPKP (A) and Zn>CDPK7(B), Nucleotide positions (beginning ai the 5' 
end) are indicated on lbe left, and amino acid positions (numbered from the putative translation imitation codon) are indicated on the 
right. Stop codems at the ends of the open reading frame are denoted by asterisks. Sequences corresponding to the two PCfc primers wc 
underlined. 
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(A) 

2AI ■j^tcaCCTT^GCOMGCTTCTTGCTGA^ 

361 atccacccatcauiiw^. hgO-CCSRAPAPDSORCCTHGT 21 

4B1 TaCTAWTAACC^GGCAAAGCCAGCGC^ ^ 
C*SNOAttPA0*P* fi * N > P0 ° t > A2VRTTPPAT, ' PP 61 

VP PKPTXDT I LCKQT EDVRSVt S L C K RLCftGQFCVT"tCT 
061 ccCT(«»flCWgACAAgC«a»C^ 

K AAATfC(lAVV*VVrtICttfMOYnhHO«»KretirLIiR3IlEEH221 

81 TCCAATGCTCAAGCCCACTCATTTTCGCS:n^ 

hMLKATDrOLavpiEECRMTRDIVCShVYVArC »JJ » J r 



'CC 

0 2C1 



U01 ^YvTI AGVI LTILL5GV P prVAETEKGIFDAILHEerO301 

l 321 CTTT^A/UVGTCWKCTTGGCCATC a „ 
PESOPtf9SXSCSAK0L^R«WtTR0PKKRLT3XQVL0HS!WLa41 

L.U CAGAGAAOGT^ 

REGGCASDKPIDSAVLSRMKQrRAMNKLKICnALXViaSNL39X 

15gi *L:<Uc<LaCAC^TCAaCCCCC*A^ 

1 TTfiV KQ l H B ft A O v O G N 0 0 I 0 I » C r I T A t « H R H K L 6 * D Z X ft «1 

PKAr orFDKOt»5OriTRE>eXiESALIEHEM<JDtfltIKEI X«S01 

1921 ACAAGTGGACACAGA£AAl^AWGGt^Aro 

e . VDTDNDCnZHVGBPCAHHRGCHQODMRLK* <" X1 
2Dtl rcGTTAGTTACTGTTCTTCACTCTTTTTCCC^ 

2201 GTAATTCQTGATAGGaAAAAGGTCTA 

(B) 

n*PP*PPATTDABAFFFFFATAHIIBOGAGAPFDIi05VI.BHei 
PTPHL80LtAt6RKL8eG0FSfirtCTl!L»TOVPlAClt5IlJJ 

641 AaT CTACG?CCACATCGTCATCttAGCW^ 

LYVHIVMEI.C>CCELFORIIQRCHISEBRAAEI.TRIIVCwaoa 

961 TCGTCC*GtXXTGCCACTCCCTCGCWCATGC^^ 

VERCHSLCVHHRDLKP£NfLLVNKDDDLSLXAID.rCI.5VF242 

rirpfiOVFTDVVGSPYyVAPEVLLKNVGPAADVwTAGVIL.r 

l«t ,M:*^TACTAJ^«CWCCT^^ 

_ . _ v p p r w a e t QO-o*r°* T " tnavIDrooOT * rvI5D8R3 " 

1321 CXAAACATCTTATAACACCCATGCTG AATCCTCOCTCTGCCGACCCCTTAACACC aCATCAAGTTCTAT£JCC ATCCATCCATTCCTCaCCATGCAGTAGCTCCTCACCGTCCACTGGATC 

KDIjIRRHLNPR8AER£»TftHE v IiCHP w IRDHQ v AFDRPLDP 3SZ 

U41 cag^tgWtctcgcattaagcaattc^ afl2 

AVtSRIXQF SAMNKLKKMALRVIAES IiSEEEIAGLKEH fQ 

T H DTDNEGA ITT DE LKBGLRKTCET L £ 0 T E t RDtHOAAOI$42 
16B1 TCGAC AACAATGGAAC AATTGACTAC ATTGAATTC ATTGCTGC AACTTTGC ATCTC AATAATCTGGAGCGCG AAGAACATCTXGTCTC AG^CTTTTC ATATTTC GACAAAGATGGTAGTG 
D N N G T I D 1 IEFIAATLHLMKLESEE HLVXAFSIFDKdGSG 

TITVDELaQi\CIlEHKKPDKrL0OVTWEAD0DNDGRIDTGE322 
!«! acTTTCTTCCCATWT^CAaCC^^ 

_.. _ .. - _ _ _ u r. w. er. wr CM n DAP GAT * ( JJ' ) 



FVAMMTKGWMGVGRRTHRK5LWI 5 H R B n r vol \ 
20dl cTOGTGGCCTAGCCACCTCCTCCTCTGTCTTGTtTPGCTGCCCTACGAAACCTK 
J161 TCAJTCaAC^CTTCTCATTCAMCCATCAAATCCATAACAACATCTCCaAaaAaaA 
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clone, MZECDPK2 (accession no. U28376), which is 
very similar to ZmCDPK9 (96% identical over 496 
amino acids). However, the former docs not contain 
the myristoylation motif, suggesting that the intra- 
cellular localization of its protein product is different 
from that of the latter. It is also noteworthy that the 
clustered amino acids in the N-terminal portion of the 
latter differed significantly from those of the former. 
Another database search did not detect highly homol- 
ogous maize clones to ZmCDPK7, 

The ZmCDPK9 mRNA, 2.3 kb in size, was pre- 
dominantly expressed in roots (Fig. 3A). In addition. 



its level was much higher in etiolated leav g than in 
green ones (Fig. 3A). The ZmCDPK7 mRNA, 2.3 kb 
in size, was expressed in a similar manner (Fig. 3B). 
It seems likely that the expression of these transcripts 
is repressed by light. In this regard, it is noticeable 
that CDFJCs have been partially purified from etio- 
lated coleoptiles and enclosed leaf rolls [13]. At 
present, however, it remains to be investigated if 
mRNA expression reflects protein levels in tissue 
distribution. 

To examine the enzyme activity of ZmCDPK9, we 
cut out the entire cDNA with Notl, inserted it into 
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Fig. 2. Comparison of the deduced amino acid sequences of ZmCDPK9, ZmCDPK7 ? maize CDPKs (MZECDPKX 13) and MZECDPK2 
(accession no. and a rice CDPK (OsCPKZ [9]). Numbers indicate amino acid residues in the sequences. Dois indicate residues 

ideniical to the corresponding ones in [he 2mCDPK9 sequence. Asterisks indicate residues Identical throughout. Dashes indicate gaps 
introduced to maximize the alignment. Roman numerals indicate the eleven canonical Aubdomains of protein kinases identified by Hanks 
and Hamer [19]. The junction domain is shaded. The con sen sua N-myriaioylation signal is underlined, and the four Ca 2 * 1 * -binding EF-hand 
motifs are boxed. 
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Fig. 3- Northern blot analyses of the ZrnCDPKP (A) and Zm- 
CDPJC7 (B). transcripts. Each lane contained 30 f*g of totftl RNA 
isolated from different tissue* of 10-day-old maiie seedlings: 
green leaves (lane G), etiolated leaves (E). and roots (R). The 
RNAs were subjected to electrophoresis in a denaturing 1.2% 
agarose gel, and then transferred to Hybond-N* membranes. The 
membranes were probed with the 3 "P*iabeled 0.2 Jcb Hindill 
Fragment containing the 3'-noncoding region of 2mCDPK9 or a 
0.2 kb PCR fragment corresponding to nucleotides 2020-2205 of 
ZmCDPK7. To confirm the integrity of each RNA preparation, 
one of the membranes was reprobed with a cDNA for Glycine 
max ublqultin [20] (c). The size or the detected band was 
estimated using a poly(A)«cailcd RNA ladder (Gibco BRL) as 
molecular siite makers. 



the Not! site of pET32a (Novagen), and then re- 
moved 5'-noncoding region as follows. Two oligo- 
nucleotides, 5'-GACTAGAGCCATGGGGCAGTGT- 
TG-3' and 5'-TGTACAAAATAACACCTGCGCT- 
CC-3', were synthesized. The former was specific for 
the N-terminus of ZmCDPK9 open reading frame 
and contained an artificial Ncol site to facilitate the 
construction. The latter, on the other hand, was spe- 
cific for the sequence corresponding to nucleotides 
1218-1241 which is downstream of a natural Aflll 
site. The PGR was carried out with the 2mCDPK9 
plasrnid as a template. The resulting product was 
digested with Ncol and Aflll, and then cloned be- 
tween the Ncol and Afln sites of die pET construct. 
Partial sequencing of the expression plasmid, desig- 
nated as pETPK9, showed a correct frame for a 
chimeric protein of the Trx • tag, His * tag and S ■ tag 
(160 amino acids) and the entire protein kinase (531 
amino acids). E. coli BL21 cells transformed with 
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Fig- 4 - Prokaryotic expression of the phosphorylation activity of 
2mCDPK9 by the recombinant plasmid, pETPK9- Cell-free ex- 
tracts of £, coli transformed with pETPK9 (CDPK+) or pET32a 
vector (CDPK-) were incubated with [y- M P]AT? at 25X for 
30 min with < + ) or without (-) I mM EGTa as described in 
the text. The reaction products were divided into two portions 
and then subjected to 10% SDS-PAGE. After the electrophoresis, 
one gel w&> stained with Ccomatsic Blue (A) And then subjected 
to a Bio-imaging analyzer for determination of radioactivity (B). 
The proteins on the other gel were transrerrea to a polyvinyl!- 
denedinuoride membrane (Millipore). Tne membrane was probed 
with S-proteinaJkaline phosphatase conjugate CNovagen) and the 
colour was developed according to the manufacturer (C). The 
positions of 2mCDPK9 fusion protein and casein in th* gol are 
indicated by dots and arrowheads, respectively. The position* and 
sizes of molecular weieht markers (A and B. Sigma: and C 
Novagen) are presented in kDa on the left. 
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pETPKS were grown in LB medium containing 50 
/ug/ml ampicillin at 37°C. An overnight culture of 
E. colt was diluted JO* fold End grown for 2m addi- 
tional 3 h at 37°C before addition of 1.0 mM (in final 
concentration) isopropyl-1 -thio-^-BaJactopyranoside 
and then it was grown for an additional 25 h at 25°C. 
Extraction of the enzyme was performed essentially 
as described [14,15]. The protein concentration was 
determined by the method of Bradford [16], The 
reaction mixture (final volume, 20 ju.1) comprised 20 
/*M [y- 32 P]ATP (4 /xCi), 50 mM Tris-HCl (pH 7.6), 
5 mM MgCl 2 , 0.1 mM CaCl 2f 20 fxg casein (Sigma), 
and ihc enzyme (20 M-g protein). It was incubated at 
25°C for 30 min. and separated by 10% SDS-PAGE. 
and then the radioactivity was determined with a 
Bio-imaging analyzer (Fuji). 

As shown in Fig. 4B, a cell-free extract of E. coli 
containing the recombinant chimeric protein effi- 
ciently phosphorylaled casein, an exogenous sub- 
strate. The expression of fusion protein was con- 
firmed by Western blotting (Fig. 4C). Notably, the 
enzyme activity was completely inhibited by an ex- 
cess amount of EGTA. It is also noteworthy that the 
mobility of ZmCDPK fusion protein in the SDS- 
polyacrylamide gel was altered by the presence of 
EGTA (Fig. 4 A and C). This Ca* "-dependent mobil- 
ity shift, generally regarded as a characteristic of 
high -affinity Ca 2+ -binding proteins, indicated that the 
ZmCDPK9 protein binds Ca 2A [17,18]. Thus, it-was 
proved that ZmCDPK9 encodes a typical CDPK. The 
upper bands in Fig. 4B might result from autophos- 
phorylation of the expressed fusion protein. Phospho- 
enolpymvate carboxylase from maize was a poor 
substrate for this CDPK (data not shown). It is impor- 
tant to clarify the physiological role of the protein 
kinase in the future. 

This work was supported in pan by research grants 
from the Ministry of Education, Science, Sports and 
Culture of Japan. J.S. is supported in pan by USDA. 
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Summary 

A rice gene encoding a calcium-dependent protein kinase (CDPK), OsCDPK7, was induced by cold and 
salt stresses. To elucidate the physiological function of OsCDPK7, we generated transgenic rice plants 
with altered levels of the protein. The extent of tolerance to cold and salt/drought stresses of these 
plants correlated well with the level of OsCDPK7 expression. Therefore, OsCDPK7 was shown to be a 
positive regulator commonly involved in the tolerance to both stresses in rice. Over-expression of 
OsCDPK7 enhanced induction of some stress-responsive genes in response to salinity/drought, but not 
to cold. Thus, it was suggested that the downstream pathways leading to the cold and salt/drought 
tolerance are different from each other. It seems likely that at least two distinct pathways commonly use 
a single CDPK, maintaining the signalling specificity through unknown post-translational regulation 
mechanisms. These results demonstrate that simple manipulation of CDPK activity has great potential 
with regard to plant improvement. 

Keywords: CDPK, cold, salt, drought, rice, stress tolerance. 



Introduction 

Environmental stresses, such as cold, salinity and drought, 
have an enormous impact on crop productivity throughout 
the world (Boyer, 1982; Epstein etal, 1980). To survive 
under unfavourable conditions, plants have developed a 
variety of sophisticated strategies (Bohnert etal, 1995; 
Bray, 1997; Thomashow, 19$9; Zhu etal, 1997). The 
products of some stress-inducible genes (e.g. enzymes 
involved in the biosynthesis of various osmoprotectants 
and late-embryogenesis-abundant (LEA) proteins) directly 
counteract the detrimental conditions. Transfer of these 
genes into plants confirmed their protective roles in stress 
adaptation (Holmberg and Bulow, 1998; Xu era/., 1996). 
Although the effect of each individual gene is rather small, 
simultaneous transcriptional activation of a subset of these 
genes can confer much greater stress tolerance on 
Arabidopsis (Jaglo-Ottosen etal., 1998; Liu etal., 1998). It 
is generally thought that distinct mechanisms underlie the 
adaptation to cold and salt/drought stresses in plants 
(Shinozaki and Yamaguchi-Shinozaki, 1997; Zhu etal., 
1997). Both appear to be regulated by complex signalling 



networks of abscisic acid (ABA)-dependent pathways and/ 
or ABA-independent pathways (Ishitani etal., 1997; Leung 
and Giraudat, 1998; Shinozaki and Yamaguchi-Shinozaki, 
1997). It has been predicted that the modulation of 
signalling regulators will be a promising method for 
improving the stress tolerance of plants. However, . little 
is known about the molecular mechanisms underlying 
signal transduction. 

Previous studies showed that the cytoplasmic Ca 2+ 
levels in plant cells increase rapidly in response to multiple 
stress stimuli, including cold, salt and drought (Sanders 
etal., 1999; Trewavas and Malho, 1997). Following this 
Ca 2+ influx, signals are likely to be mediated by combina- 
tions of protein phosphorylation/dephosphorylation 
cascades. The experimental perturbation with specific 
reagents indicated the pivotal roles of Ca 2+ influx and 
protein phosphorylation in these stress responses (Knight 
etai, 1996; Knight etal, 1997; Monroy and Dhindsa, 1995; 
Monroy etal, 1993; Monroy etal, 1998; Tahtiharju etal, 
1997). It is presumed that the majority of Ca 2+ -stimulated 
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protein phosphorylation is performed predominantly by 
members of the Ca 2+ -dependent protein kinase (CDPK) 
family in plants (Sanders etai, 1999; Trewavas and Ma I ho, 
1997). This kinase family, currently only known in 
plants and protozoa, contains a calmodulin-like regulatory 
domain with four EF hands, Ca 2+ -binding site, at its 
C-terminal end, which enables activation directly through 
Ca 2+ binding {Roberts and Harmon, 1992). Two of the four 
constitutively active mutant enzymes of two related 
Arabidopsis CDPKs activated a stress/AB A- responsive 
promoter in a transient expression system, indicating that 
selected members of the CDPK family are involved in that 
particular stress signalling (Sheen, 1996). In addition, 
stress-induced gene expression of some CDPK members 
has been reported in various plant species, and they are 
proposed to mediate stress signals (Berberich and Kusano, 
1997; Botella eta/., 1996; Urao etai, 1994; Yoon etai, 
1999). However, it is not known whether or not the 
increases in mRNA levels are accompanied by increases 
in protein levels and/or kinase activities. It is also 
noteworthy that a number of transport proteins (e.g. 
aquaporins, H + -ATPases and ion channels), which are 
responsible for cytosolic osmoregulation and involved in 
stress adaptation, are regulated by CDPKs (Bethke and 
Jones, 1997; Camoni etai, 1998a; Li etai, 1998; Lino etai, 
1998; Pei etai, 1996; Weaver and Roberts, 1992). Despite 
the potential importance of CDPKs, the physiological 
function of a specific CDPK pathway has not been 
elucidated so far. 

In the current study, we investigated the function of a 
rice cold- and salt-inducible CDPK, OsCDPK7, by using 
transgenic rice plants with altered levels of the protein. 
Over-expression of OsCDPK7 conferred both cold and salt/ 
drought tolerance on rice plants. In contrast, suppression 
of OsCDPK7 expression lowered the stress tolerance. The 
results indicate that OsCDPK7 plays key roles in the 
tolerance to both stresses in rice. 
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Results 

cDNA cloning of OsCDPK7 

Two maize CDPKs, ZmCDPKI and 2mCDPK7, showed 
97.1% identity at the amino acid level over the entire 
polypeptide (Berberich and Kusano, 1997; Saijo etai, 
1997), and the mRNA expression of both CDPK genes 
were induced by cold stress (Berberich and Kusano, 1997; 
data not shown). Using the Z/nCDPK7cDNA as a probe, we 
isolated a highly homologous rice clone, designated 
OsCDPK7 (Gen Bank accession no. AB042550), from a rice 
root cDNA library (Hata etai, 1997). In contrast to the 
maize genome, Southern blot analysis of rice genomic 
DNA with the 3'-non-coding region (nt 1815-2061) as a 
probe indicated that the rice genome contains only a 
single copy of this gene (data not shown). 

OsCDPK7 and 2mCDPK7 showed 88.6% identity at the 
amino acid level over the entire polypeptide. In addition, 
OsCDPK7 showed high amino acid identity to a mung bean 
CDPK, VrCDPKI (85.4%), the transcript level of which was 
elevated by salt stress and mechanical strain (Botella etai, 
1996). They were classified into the same subclass of 
CDPKs in a phylogenetic tree for the amino acid sequences 
of the entire ORFs (Figure 1). A further database search 
revealed an Arabidopsis expressed sequence tag (EST) 
clone (accession no. R90026) encoding a portion of CDPK 
(124 amino acids). The deduced protein sequence was 
more closely related to OsCDPK7 than ATCDPK1 (Sheen, 
1996; Urao etai, 1994), a putative Arabidopsis stress- 
signalling isoform (amino acid identities of 80.6 and 52.8%, 
respectively). Therefore, it seems likely that OsCDPK7, 
2mCDPK7, ZmCDPKI, VrCDPKI and the Arabidopsis 
protein may be orthologues that play identical roles under 
stress conditions. 

The entire coding region of OsCDPK7 was subcloned 
into an expression vector, pGEX4T-1 (Amersham 
Pharmacia), and then transformed into Eschericia coli 
BL21 (DE3). Protein kinase activity was assayed as 
described (Saijo etai, 1997). The recombinant OsCDPK7^ 
protein fused with glutathione-S-transferase (GST) effi- 
ciently phophorylated histone HIS, casein, and myelin 
basic protein (Sigma) in a Ca 2+ -dependent manner (data 
not shown). This broad substrate specificity is in sharp 
contrast to the narrow specificity of a GST-ATCDPK1 
fusion protein (Urao etai, 1994), indicating that OsCDPK7 
and ATCDPK1 differ in substrate preferences. 



0.316 
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Figure 1. Phylogenetic tree for the amino acid sequences of COPKs. 
The upgma method (Nei, 1987) was applied using Genetyx-Mac software 
{Software Development, Tokyo, Japan). The values on the branches give 
branch length as the number of amino acid substitutions per site. CDPKs, 
the transcripts of which are stress-inducible, are boxed. Plant sources 
and GenBank accession numbers are indicated. 



Expression of the OsCDPK7 mRNA, around 2.3 kb in size, 
was increased by cold and salt stresses in both shoots 
(Figure 2a) and roots (data not shown) of 10-day-old 
seedlings, but not by exogenous abscisic acid (ABA) 
application. In contrast, a rice stress-responsive gene, 
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rab16A (Mundy and Chua, 1988), was induced by the salt 
and ABA treatments (Figure 2a). This indicates that 
OsCDPK7 belongs to a subclass of stress-inducible 
CDPKs, which is probably conserved from monocotyledo- 
nous to dicotyledonous plants. 

To determine whether or not the protein level increases 
upon stressing, we then carried out immunoblot analyses 
with isoform-specific antibodies raised against the C- 
terminal portion of OsCDPK7. A clear band corresponding 
to an apparent molecular mass of 51 kDa was seen in the 
soluble fractions of the protein extracts from plant tissues 
(Figure 2b). Significant variation in the protein level was 
not detected during the cold-stress period examined in 
either the shoots (Figure 2b) or roots (data not shown), 
even when the mRNA accumulated to a high level 
(Figure 2a). The protein levels were almost similar between 
shoots and roots (data not shown). In the microsomal 
membrane fractions precipitated by the centrifugation, no 
signal for the OsCDPK7 protein was detected (data not 
shown). Similar results were obtained under salt stress 
(data not shown). Thus, the intracellular localization of the 
enzyme protein is as yet unclear. Moreover, the shoot 
proteins immunoprecipitated with anti-OsCDPK7 antibo- 
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Figure 2. Expression of 0sCDPK7 \n wild-type rice plants. 

(a) Cold and salt induction of the OsCDPK7 transcript. Ten-day-old rice 
{Oryza sativa cv. Notohikari) seedlings in soil were left to stand under the 
normal conditions at 28°C (control) or at 4*C (cold) for the indicated 
times. Alternatively, they were transferred to nutrient solution comprising 
0.1% (v/v) Hyponex (water) supplemented with 200 mM NaCI (salt) or 
50 (iM ABA (ABA), and then incubated at 28 C C for the indicated times. 
These treatments were conducted under continuous light conditions. 
Total RNA preparations (lOjiglane - ') from shoots were loaded. The RNA 
blot was sequentially hybridized with the OsC0PK7-and rab JfiA-specific 
DNA probes. 

(b) OsCDPK7 protein levels. Soluble protein extracts were prepared from 
shoots of 10-day-old seedlings which had been incubated at 4°C for the 
indicated times. The extracts (10 ^ig protein lane' 1 ) were separated by 
10% SDS-polyacrylamide gel electrophoresis, and then subjected to 
immunoblot analysis with anti-OsCDPK7 antibodies. An arrowhead 
indicates the position of OsCDPK7. 



dies did not exhibit any changes in kinase activity (data not 
shown). However, the activity seemed to be affected by 
contaminated Ca 2+ during the preparation of protein 
extracts. Therefore, in this experiment, additional factor(s) 
that positively or negatively influence the activity other 
than Ca 2+ could not be detected either. 



Transgenic rice plants with altered expression levels of 
OsCDPK7 

To clarify the physiological role of OsCDPK? in rice, the 
. full-length cDNA (nt 1-1970) for OsCDPK7 was introduced 
into rice cells in the sense orientation under the control of 
the cauliflower mosaic virus (CaMV) 35S promoter 
{Figure 3a) by means of Agrobacterium-medmted transfor- 
mation (Hiei etal, 1994). Then, 14 independent lines of 
transgenic plants (TO generation) were generated. DNA 
blot analysis of these lines confirmed that independent 
lines contained one to several copies of the transgene per 
haploid genome (data not shown). Among them, two lines 
over-expressing OsCDPK7, S3 and S1, and another co- 
suppressed line, S27, were chosen for further experiments. 
In the next T1 generation, the levels of the OsCDPK7 
protein were constitutively higher in the two over-expres- 
sing lines, S3 and SI, than those in the segregated non- 
transgenic (NT) line derived from S3 in both roots and 
shoots (Figure 3b). No obvious effects on plant growth and 
development were observed on OsCDPK7 over-expression 
under the normal growth conditions. On the other hand, 
the protein level in S27 was much lower than that in NT 
(Figure 3b). Since the protein levels were similar between 
homozygous and heterozygous plants in each line (data 

(a) 35SP nosT 
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S3 S1 NT S27 S3 S1 NT S27 




Figure 3. Transgenic rice plants with altered protein levels of OsCDPK7. 

(a) The OsCDPK7 expression vector for rice transformation. 35S P, CaMV 
35S promoter; OsCDPK7, the full-length cDNA (1.97 kb in size) for 
OsCDPK7; nos T, terminator sequence of the gene for nopaline synthase. 

(b) Expression of the OsCDPK7 protein in transgenic and non-transgenic 
rice plants. NT, a segregated non-transgenic line derived from S3. Each 
lane contained 5 fig (roots) or 10 u£ (shoots) protein from 10-day-old T1 
seedlings grown under the normal conditions. The protein blots were 
probed with anti-OsCDPK7 antibodies. An arrowhead indicates the 
position of OsCDPK7. 
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not shown), both types of T1 transformants were com- 
bined and then used for further analyses. Significant 
variations in the protein level in each line were not 
detected even under cold- and salt-stress conditions (data 
not shown), when the transcript levels were increased 
(also see Figure 5). 

Stress tolerance of transgenic 0sCDPK7 rice plants 

To examine cold tolerance, 10-day-old T1 seedlings were 
exposed to 4°C for 24 h, and then returned to the normal 
growth conditions to allow their recovery. The extent of 
cold tolerance correlated well with the level of OsCDPK7 
expression (Figure 4a). The elevated tolerance of the 
0sCDPK7- over-expressing plants was confirmed by mea- 
suring the changes in the chlorophyll fluorescence yield in 
the youngest extended leaf of each plant. The FJF m values 
recovered to nearly normal levels in S3 and SI plants 48 h 
after cold treatment (Figure 4b). In contrast, the values 



progressively decreased in the segregated NT plants 
derived from S3, their leaves showing prominent chlorosis 
and wilting. In another independent experiment, similar 
results were obtained (Table 1). 

Next, the over-expressing plants also showed an 
increased tolerance to salt stress (Figure 4c). In more than 
half of the NT-S3 plants and untransformed wild-type 
plants, the youngest leaves wilted 3 days after salt stress. 
On the other hand, S3 and S1 plants exhibited greater 
tolerance (statistically significant) (Table 1). In addition, 13- 
day-old T2 seedlings of S1 plants showed increased 
drought tolerance with statistical significance (Figure 4d 
and Table!). All the NT plants wilted 5days after drought 
stress, whereas more than half of the S1 plants did not. 

To determine whether or not a decrease in OsCDPK7 
expression lowers the stress tolerance, we compared the 
number of plants whose leaves wilted under milder 
conditions between the 0sCDPK7-s up pressed plants 
(S27) and the segregated NT plants derived from S27. In 




'mm 



Figure 4. Stress tolerance of 35S: OsCDPK7 transgenic rice plants. 

(a) Plants 3 days after cold stress (4°C for 24 h). (b) Changes in the chlorophyll fluorescence of the youngest extended leaf under cold stress. Each point 
shows the mean and standard error of FJF m values, from which functional damage to photosynthesis can be estimated. (■) S3; (•) SI; (□) NT. For the 
S3, SI, and NT lines, 25, 21 and 9 plants, respectively, were assayed. The bar below the x axis represents the period of cold-stress treatment, (c) Plants 
3 days after salt stress (200 mM NaCI for 24 h). (d) Plants 5 days after drought stress (without water supply for 3 days). 
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S27 plants, the tolerance to both of these stresses was 
significantly decreased as follows. After milder cold stress, 
wilting was observed in 18/33 (55%) S27 plants and 3/9 
133%) NT plants. After milder salt stress, the wilting ratios 
of S27 and NT plants were 9/35 (26%) and 0/12 (0%), 
respectively. Taken together, we conclude that OsCDPK7 is 
a positive regulator commonly involved in the adaptation 
to at least three distinct stress agents, cold, salt and 
drought. 

Expression of stress-inducible genes in transgenic 
OsCDPK7 plants 

The induction of numerous stress-responsive genes is a 
hallmark of stress adaptation in plants (Shinozaki and 
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Yamaguchi-Shinozaki, 1997; Thomashow, 1999; Zhu etaL, 
1997). To elucidate further the role of OsCDPK7 in stress 
tolerance, we examined the effects of OsCDPK7 over- 
expression on the transcript levels of several stress- 
inducible rice genes - rab16A (Mundy and Chua, 1988), 
salT (Claes etaL, 1990) and wsi18 (Takahashi etaL, 1994) - 
that encode a group 2 late-embryogenesis-abundant (LEA) 
protein, a glycine-rich protein, and a group 3 LEA protein, 
respectively. Since it is thought that similar mechanisms 
underlie the adaptation to water deficit caused by drought 
and high salinity (Bray, 1997; Zhu etaL, 1997), we analysed 
the expression of these genes in roots only under cold and 
salt stresses. 

In both roots and shoots of the OsCDPK7-over-expres- 
sing plants (S3 and S1), the OsCDPK7 transcript was 
accumulated at high concentrations. The level was in- 
creased further under both cold and salt stresses, whereas 
it remained almost constant in the presence of exoge- 
neous ABA or under drought stress conditions (Figure 5). 
Notably, OsCDPK7 over-expression did not induce the 
above stress-inducible genes under the normal growth 
conditions (Figure 5), in contrast to resukts obtained for the 
CBFhand D/?EB7A-over-expressing Arabidopsis plants 
(Jaglo-Ottosen etaL, 1998; Liu etaL, 1998). In roots of the 
over-expressing plants under salt stress, the transcript 
levels of all the stress-inducible genes were higher than 
the normally induced levels (Figure 5a). In shoots, only 
rabWA was highly induced by both salt and drought stress 
(Figure 5b,c). In contrast, salt induction was reduced in the 
suppressed plants (Figure 5a,b). The salt/drought stress 
tolerance of the over-expressing plants may be enhanced, 
at least in part, by the high-level accumulation of these 
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Figure 5. OsCDPK7 activates distinct signalling pathways in response to 
cold and salt/drought stresses. 

(a,b) Northern analyses of RNAs of roots (a) and shoots (b) of wild-type 
(WT) and transgenic T1 plants. Ten-day-old seedlings were exposed to 
the following stress conditions. Control, the normal conditions; cold, 4°C 
for 24 h; salt, soaking in a 200 mM NaCI solution for 10 h (a) or 24 h {b); 
ABA, soaking in a SOfiM ABA solution for 24 h. (c) Northern analysis on 
transgenic T2 plants exposed to drought stress. Thirteen -day-old 
seedlings of the plants homozygous for the transgene (S1) and those of 
NT plants had water withheld for the indicated times. For each treatment, 
at least 7 plants per line were examined. Aliquots (10ng) of total RNA 
were loaded on each lane. The RNA blots were hybridized with the 
specific DNA probes for OsCDPK7, rab16A, salT and w$i18. Experiments 
were repeated three times with similar results. 



Table 1. Cold, salt and drought stress tolerance of the wild-type 
(WT) and transgenic OsCDPK7 rice plants 



Stress 


Genotype 


Total 


Wilting (%) 


Cold 8 


S3 d l; 


20 


0(0) 




Sl d 


17 


2(12) 




NT-S3 


6 


5(83) 


Salt b 


S3 d 


21 


3(14) 




S1 d 


12 


0(0) 




NT-S3 


7 


4(57) 




WT 


7 


4(57) 


Drought 0 


Sl d 


17 


8(47) 




NT-SI 


24 


24 (100) 



a Numbers of WT and T1 plants, the youngest leaves of which 
wilted 3 days after cold stress (4°C for 24 h). b Numbers of WT 
and T1 plants, the youngest leaves of which wilted 3 days after 
salt stress (200 mM NaCI for 24 h). c Numbers of wilting T2 plants 
5 days after drought stress (without water supply for 3 days). 
d Genotypes showing a statistically significant difference from 
the NT plants i% 2 test, P< 0.005). 
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gene products through the 0sCDPK7 pathway. On the 
other hand, no induction of these genes was detected 
under cold stress. Thus, it was suggested that mechanisms 
of cold tolerance and salt/drought tolerance are different 
from each other, sharing OsCDPK7 as a common compo- 
nent. Moreover, it should be noted that the induction of 
rabl6A and salT by ABA was increased or decreased by 
OsCDPK7 over-expression or suppression, respectively, 
which indicates that OsCDPK7 is also involved in ABA- 
dependent pathways. 

In addition to the above-mentioned genes, the salt/ABA 
induction but not cold induction of rab16B (Yamaguchi- 
Shinozaki era/., 1989} and oslea3 (Moons era/., 1997), both 
of which encode LEA proteins, was found to be increased 
in roots of the over-expressing plants (data not shown). 
The expression of the following rice cold-responsive genes 
was also examined: alcohol dehydrogenase-! (Xie and 
Wu, 1989), lipS, Iip9', and lipW (Aguan etal., 1991), A 7 - 
pyrroline-5-carboxylate synthetase (Igarashi etal., 1997) 
and glutathione reductase-2 (Kaminaka etal., 1998). 
However, they exhibited no correlated induction with the 
OsCDPK7 expression levels (data not shown). Thus, we 
have not yet identified genes induced only by cold stress. 
Nevertheless, it still remains possible that currently 
unknown genes are regulated by the OsCDPK7 pathways 
under cold stress. 

Discussion 

Considering its importance as the most major crop in the 
world, a better understanding of stress signalling in rice 
would undoubtedly have an enormous impact Here we 
characterized a rice CDPK, OsCDPK7, the mRNA level of 
which is increased under cold- and salt-stress conditions in 
both shoots and roots. Database searches revealed the 
presence of genes encoding this type of stress-inducible 
CDPK in both monocots and dicots. OsCDPK7 belongs to a 
subclass of stress-inducible CDPKs, which is conserved 
throughout higher, plants but distinct from that of 
ATCDPK1, a putative stress-signalling isoforrn (Sheen, 
1996; Urao ef a/., 1994). The difference in substrate 
specificity also indicated that OsCDPK7 is involved in other 
signalling pathway(s) than that of ATCDPK1 under stress 
conditions. 

Immunoblot analysis of the protein level of OsCDPK7 in 
rice plants with the isoform-specific antibodies detected no 
significant increase under the stress conditions, even 
when the mRNA level was elevated. There are other 
examples of putative stress-signalling mitogen-activated 
protein kinases (MAPKs) in plants in which transcriptional 
up-regulation is not correlated with an increase in the 
amount of protein (Bogre etal., 1997; Seo etal., 1999). It 
may be speculated that the activated MAPK is degraded 
immediately after it has transduced signal(s), and the 



transcriptional up-regulation of the MAPK gene is to 
compensate for the loss of the MAPK protein (Hirt, 1999). 
To know whether or not this is the case for OsCDPK7, it is 
important to examine turnover of the protein under the 
stress conditions. Since the OsCDPK7 protein is expressed 
at an almost constant level in the presence or absence of 
stress stimuli, there must be a post-translational mechan- 
ism(s) regulating the kinase activity in plant cells. At 
present, Ca 2+ is the only known regulator of the activity of 
CDPKs. However, it seems likely that additional unknown 
mechanism(s) may be involved in control of the OsCDPK7 
activity under stress conditions, taking into account the 
broad substrate specificity of this kinase. In this regard, 
recent studies suggested that some of the isoforms might 
■ be regulated by interaction with other proteins, e.g. 14-3-3 
proteins (Camoni etal., 1998b; Moorhead etal,, 1999). Even 
though neither activation of the OsCDPK7 enzyme upon 
stress nor protein-protein interaction was detected, the 
possibility that such regulation mechanisms are involved 
in vivo cannot be ruled out at present. Moreover, it is still 
possible that changes in protein localization could be 
important in the regulation of OsCDPK7. 

We then carried out a functional analysis of the role of 
OsCDPK7 in stress tolerance of rice plants, using trans- 
genic plants with altered levels of the OsCDPK7 protein. 
The mRNA derived from the endogenous promoter and 
that derived from the CaMV 35S promoter might differ in 
their stability, because the transgene is truncated in the 3'- 
non-coding region. However, it seems likely that the same 
intact protein is translated from both types of the mRNA, 
since Western blot analyses detected a single band in each 
lane of the over-expressing plants (Figure 3b). Over- 
expression of OsCDPK7 conferred both cold and salt/ 
drought tolerance on rice plants. In contrast, suppression 
of OsCDPK7 expression lowered the stress tolerance. 
Therefore, OsCDPK7 plays key roles in the tolerance to 
the two types of stress in rice. To our knowledge, this is the 
first demonstration of the physiological role of a CDPK 
isoforrn at the whole-plant level. 

The enhanced salt/drought induction of the genes for 
LEA proteins by OsCDPK7 over-expression appeared to 
contribute, at least in part, to the improved salt/drought 
tolerance in rice plants. Notably, the over-expression of a 
barley {Hordeum vulgare L) group 3 LEA protein, HVA1, 
conferred both salt and drought stress tolerance on 
transgenic, rice plants (Xu etal., 1996). Although 
OsCDPK7 over-expression also elevated the ABA-induced 
levels of the above genes, whether or not the salt induction 
of these genes depends on ABA remains to be examined. 

In contrast to salt/drought stress, no induction of these 
genes was observed under cold stress or in the absence of 
a stress stimulus. Although little is known about the 
OsCDPK7-mediated cold signalling pathway, we suggest 
that OsCDPK7 promotes cold and salt/drought tolerance 
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through distinct pathways. Moreover, it seems likely that 
OsCDPK7 is kept normally inactive, since there is no 
constitutive induction of the above stress-inducible genes 
upon OsCDPK7 over-expression. Thus, OsCDPK7 over- 
production only is insufficient to trigger the downstream 
signalling, and stress stimuli must be required to activate 
this CDPK. Consistent with this speculation, no significant 
effects were observed with regard to development, growth 
and fertility in over-expressing plants grown in a green- 
house {unpublished results). This is very favourable for 
crop improvement. For instance, DflEBTAover-expressing 
plants showed severe growth retardation under normal 
growth conditions, presumably because of the constitutive 
high-level expression of stress-inducible genes (Liu era/., 
1998). In contrast to this transcription factor, it appears that 
the activity of OsCDPK? is under a stringent post-transla- 
tional control in rice cells. 

Finally, we propose a model for the OsCDPK7 signalling 
pathway under the above stress conditions, in which the 
amount of activated OsCDPK7 determines the transduction 
current (Figure 6). The results also suggest that OsCDPK7 
acts at one of the branch points of stress signal transduc- 
tion in rice. Nevertheless, there seems little or no cross-talk 
downstream of these CDPK pathways even when each 
signal is amplified by OsCDPK7 over-expression. There 
must be unknown mechanisms that maintain the signal- 
ling specificity. Future analyses, especially on protein- 
protein interactions and protein localization, are awaited to 
verify this model. The present work provides new 
approaches for engineering of crop plants with improved 
stress tolerance, as well as for understanding the princi- 
ples governing CDPK-mediated stress signal transduction. 
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Figure 6. A model for OsCDPK7-mediated cold-and salt/drought-stress 
signal transduction. 



Experimental procedures 

cDNA cloning 

Using a cDNA for ZmCDPK7 as a probe, cDNA cloning of 
0$CDPK7vtas carried out as described by Saijo era/. (1997) from 
a rice (Oiyza sativa Nipponbare) root cDNA library (Hata eta/., 
1997). Two positive clones were isolated, and both of them were 
confirmed to encode OsCDPK7 by sequencing. Clones 1 and 2 
correspond to nt 1-1970 and nt 453-2126, respectively, of the 
composite cDNA sequence for OsCDPK7. 



Northern blot analysis 

Total RNA was prepared from plant tissues according to Clark 
(1997). Northern blot analysis was performed as described by 
Saijo etal. (1997) using the following probes: the S'-non-coding 
region of OsCDPK7 (nt 1815-2061), and portions of rabWA (nt 
669-899) (Mundy and Chua, 1988), salT (nt 290-690) (Claes etal, 
1990) and wsi18[r\t 678-933) (Takahashi etal., 1994). 



Production of anti-OsCDPK7 antibodies 

To prepare anti-OsCDPK7 antibodies, a cDNA fragment encoding 
the C-terminal portion (amino acid residues 449-551) of OsCDPK7 
was subcloned into the pET32a vector (Novagen), and then 
transformed into E. coli BL21 (DE3). The expressed recombinant 
protein was purified on a histidine tag affinity column (Novagen), 
and then the peptide tags on the N -terminal side were removed 
by enterokinase digestion. Polyclonal rabbit antibodies raised 
against the antigen were purified using a column of Sepharose 4B 
(Amersham-Pharmacia) coupled with the GST-OsCDPK7 fusion 
protein. The purified antibodies did not cross-react with another 
CDPK isoform, ZmCDPK9, extracted from £ coli (BL21) cells 
harbouring pETPK9 (Saijo etal., 1997). 



Preparation of protein extracts and immunoblot analysis 

Plant tissues were ground in liquid nitrogen and then homo- 
genized in an extraction buffer (50 mM Tris-HCI (pH7.6), 2mM 
EDTA, ImM MgCI 2 , 2mM DTT, 1mM NaF, 10mM p-glyceropho- 
sphate, 0.1 mM Na 3 V0 4 , 1 mM phenylmethanesulphonyt fluoride, 
one tablet per 50 ml protease inhibitor cocktail (Boehringer), 10% 
(v/v) polyvinylpolypyrrolidone). The homogenate was centrifuged 
first at 10 000 g for 10min, and then at 100 000 g for 45min. The 
supernatant was transferred into clean tubes, immediately frozen 
in liquid nitrogen, and then stored at -80°C. For immunoblot 
analysis, the supernatant was desalted by passing it through a 
Sephadex G-25 column (Amersham-Pharmacia) equilibrated with 
50 mM Tris-HCI (pH7.6), containing 1mM DTT. Western blot 
analysis was performed essentially as described by Ueno etal. 
(2000) with anti-OsCDPK7 antibodies. The signals were then 
detected by an enhanced chemiluminescence system 
(Boehringer). 



Rice transformation 

A full-length cDNA clone (nt. 1-1970) for OsCDPK7 was intro- 
duced into a Ti-based vector, pMSH1 (Kawasaki etal., 1999), in the 
sense orientation downstream of the CaMV 35S promoter. The 
construct was introduced into rice calli [Oryza sativa cultivar 
Notohikari) by means of ^grooacrer/um-mediated transforma- 
tion, according to the published protocol (Hiei etal, 1994). 
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Transformed cadi were selected for hygromycin resistance, and 
then transgenic plants were regenerated. 

Estimation of stress tolerance of transgenic rice plants 

In a growth chamber {16 h light/8 h darkness, 28°C), sterilized 
seeds were germinated on Murashige and Skoog agar medium 
(Murashige and Skoog, 1962) for 5 days, and then transplanted in 
soil. For cold-stress treatment, 10-day-old seedlings were ex- 
posed to 4°C for 24 h under continuous light conditions, and then 
returned to the normal growth conditions. Stress treatments 
under milder conditions were conducted as follows. Ten-day-old 
seedlings were first incubated at 15°C for 24 h, then at 4°C for 24 h, 
and finally returned to the normal conditions. For salt-stress 
treatment, 10-day-old seedlings were transferred to a nutrient 
solution, 0.1% (v/v) Hyponex (Hyponex Japan), containing 
200 mM NaCI or 150 mM NaCI for the milder treatments, and then 
incubated for 24 h under the normal light/dark cycle at 28°C. 
Immediately after the salt stress, the roots of the plants were 
rinsed with water, and then hydroponically grown in a fresh 
nutrient solution without NaCI. Finally, in order to determine 
whether or not each T1 plant has the transgene, we amplified a 
portion of OsCDPK7 (nt 661-945) from the genomic DNA of each 
plant by means of PCR, using 5'-ACATCGTCATGGA- 
GCTCTGCGCC-r and 5'GAGCTACGTAATATGGGCTTCCG-3' as 
primers. A 285 bp fragment without intron sequences was 
amplified from each transgenic plant. The plants of each T1 line 
examined included both the homozygous and heterozygous 
plants. For drought-stress treatment, 13-day-old T2 seedlings of 
the plants homozygous for the transgene (Si) and those of non- 
transgenic plants (NT) had water withheld for 3 days, and were 
then irrigated normally for 5 days. 

Determination of chlorophyll fluorescence 

Measurement of chlorophyll fluorescence was performed with a 
pulse-amplitude modulation fluorometer (P AM- 2000; Walz, 
Effettrich, Germany). Fluorescence signals from the youngest 
extended leaf of each rice plant, which had been dark-adapted for 
15 min, were measured at the indicated times. The ratio of F v to F m 
(Fv/F m ) representing the activity of photosystem II was used to 
assess the functional damage to the plants (Genty etai, 1989). 
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